Sulfatide-induced L-selectin activation generates intracellular oxygen radicals in human neutrophils: modulation by extracellular adenosine  by Bengtsson, Torbjörn et al.
ELSEVIER Biochimica et Biophysica Acta 1313 (1996) 119-129 
BB 
Biochi ~mic~a et Biophysica A~ta 
Sulfatide-induced L-selectin activation generates intracellular oxygen 
radicals in human neutrophils: modulation by extracellular adenosine 
TorbjiSrn Bengtsson a, *, Magnus Greneg~rd b,Anna Olsson a, Florence SjSgren c, 
Olle Stendahl a, Stefan Zalavary a 
Departments of Medical Microbiology Faculty of Health Sciences, Linkrping UniversiO', S-581 85 Linkgping, Sweden 
b P~armacology, Facul~" of Health Sciences, Linkgping Universi~,, S-581 85 Linkrping, Sweden 
c Dermatology, Facul~.' of Health Sciences, Linkrping UniversiO', S-581 85 LinkOping, Sweden 
Received 18 July 1995; revised 22 April 1996; accepted 1 May 1996 
Abstract 
The sulfated form of galactocerebrosides (sulfatides) have recently been established as ligands for L-selectin. In this study we show 
that exposure of human neutrophils to sulfatides induces a transient generation of oxygen radicals, revealed by the luminol-enhanced 
chemiluminescence (CL) technique. The CL response was mainly located intracellularly, and was dependent on sulfation of the galactose 
ring, since non-sulfated galactocerebrosides had no effect. Sulfatides also dramatically amplified the CL response triggered by the 
chemotactic peptide formylraethionyl-leucyl-phenylalanine (fMLP). This effect was primarily due to an increased (up to 10-fold) 
intracellular generation of oxygen metabolites. Removal or blocking of L-selectin with chymotrypsin and monoclonal antibodies, 
respectively, markedly reduced the effects of sulfatides. Furthermore, sulfatides amplified the CL response triggered by ionomycin, 
whereas the response induced by phorbol-12-myristate-13-acetate was slightly reduced. The tyrosine kinase inhibitor, genistein, markedly 
inhibited the oxygen radical production induced by sulfatides, and totally abolished the potentiating effects of sulfatides in fMLP- and 
ionomycin-stimulated neutrophils. Sulfatides also triggered a transient rise in the intracellular f ee calcium concentration, [Ca2+] i  , 
Consequently, L-selectin activation through sulfatides appear to affect oxidase activity through a Ca2+-dependent pathway involving 
tyrosine phosphorylation. Adenosine is an anti-inflammatory agent predominately released from the vascular endothelium which might 
suppress an inappropriate activation of the oxidase during L-selectin-mediated rolling of neutrophils. Indeed, we found that adenosine 
inhibited the oxidative bursl induced by sulfatides, mainly by attenuating the intracellular generation of oxygen radicals. However, 
10-100 times higher concentration of exogenous adenosine was required to inhibit the CL response induced by sulfatides to the same 
extent as the adenosine-mediated inhibition of the fMLP-induced response. This difference in sensitivity to adenosine could be explained 
by various expression of extracellular denosine deaminase (ADA), since we found that the ADA-inhibitor erythro-9-(2-hydroxy-3- 
nonyl)-adenine (EHNA) markedly reduced the oxygen radical production caused by sulfatides and almost totally abolished the 
potentiating effects of sulfatides on the fMLP-induced respiratory burst. In contrary, EHNA only slightly reduced the fMLP-triggered CL 
response. We suggest hat the initial activation of L-selectin prepare the neutrophil for an effective microbicidal activity in the 
extravascular space. This process might be dependent on a L-selectin-mediated increase in the expression and activity of ADA, which 
locally reduces the extraceUtdar level of adenosine. 
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1. Introduction 
Abbreviations: ADA, adenosine deaminase; CL, chemiluminescence; 
EHNA, erythro-9-(2-hydroxy-3-nonyl)-adenine; fMLP, forrnylmethionyl- 
leucyl-phenyl-alanine; fura-2, 1-[2-(5-carboxyoxazol-2-yl)-6-aminobenzo- 
furan- 5-o x y ]- 2-( 2 '-amino- 5'--meth y lpheno xy )-ethane-N,N,N' ,N'-tetraac etate ; 
HRP, horseradish peroxidase; NECA, 5'-N-ethylcarboxamidoadenosine; 
PMA, phorbol-12-myristate-13-acetate; SOD, superoxide dismutase. 
* Corresponding author. Fax: +46 13 224789. 
During inflammation, neutrophil granulocytes are re- 
cruited from the blood by adhering to the activated vascu- 
lar endothelium and then transmigrate through the vessel 
wall. The neutrophil-endothelium interaction involves sev- 
eral sequential events, mediated by different classes of 
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neutrophil adhesion molecules recognizing counterrecep- 
tots expressed by the endothelial cells [1]. The initial 
contact, characterized by a reversible rolling of leukocytes 
along the endothelium, is mediated by the selectin family 
of cell surface glycoproteins, binding to carbohydrates via 
Ca2+-dependent lectin domains. This family comprises of 
P-selectin on the surface of activated endothelial cells and 
platelets, E-selectin on activated endothelial cells and L- 
selectin on non-activated leukocytes. A general opinion is 
that P- and L-selectin function early in the acute inflamma- 
tory process, whereas E-selectin is critical during later 
stages [2]. Binding to L-selectin, which is constitutively 
expressed and functional on non-activated neutrophils, 
counteracts he shear force exerted by the flowing blood 
resulting in slow rolling. Stimulation of neutrophils with 
chemoattractants or cytokines rapidly decreases the num- 
ber of surface L-selectin molecules [3]. Simultaneously, 
the /32-integrins (CD1 I /CDI8) become upregulated and 
functionally activated, leading to a firm adhesion and 
transendothelial migration. It is considered that L-selectin- 
mediated rolling is a prerequisite for the subsequent inte- 
grin-dependent activation [4]. In fact, several studies indi- 
cate that L-selectin also participates in the adhesive inter- 
action in the extravascular space and modulates other 
neutrophil functions, e.g. aggregation and oxygen radical 
production [5-7]. 
The exact molecular nature of the ligands for the se- 
lectins is not known, although recognition of sialylated, 
fucosylated and/or sulfated oligosaccharides is considered 
to be of significant biological relevance [8]. It has also 
been shown that sulfated galactocerobrosides (sulfatides) 
are potent ligands for both P- and L-selectin [9,10]. Sul- 
fatides, which are expressed on the surface of many cell 
types, are 3-sulfated galactosyl ceramides that bear het- 
erogenous fatty acyl substitution on the sphingosine moi- 
ety [I 1]. Upon activation at a inflammatory site, neutrophil 
granulocytes xcrete large quantities of sulfatides, which is 
suggested to promote detachment of the cells from the 
vessel wall and migration into surrounding tissues [12]. It 
was recently demonstrated that sulfatides, through ligation 
of L-selectin on neutrophils, trigger a rise in cytosolic free 
calcium, increase tyrosine phosphorylation f several cellu- 
lar proteins and enhance the production of cytokines 
[13,14]. 
The vascular endothelium constitutively release large 
amounts of adenosine, which acts as a physiological de- 
fense mechanism against the harmful effects of uncon- 
trolled activation of leukocytes and platelets [15]. Adeno- 
sine binds to specific adenosine A, receptors on the 
neutrophil surface and thereby inhibits adhesion to en- 
dothelial cells [16] and generation of oxygen radicals 
induced by, e.g. chemotactic peptides and opsonized preys 
[17-19]. Consequently, in order to adhere to the vessel 
wall and subsequently migrate into an inflammatory site 
and destroy invading pathogens, the neutrophil has to 
overcome these inhibitory effects of adenosine. Since L- 
selectin-mediated rolling is the first step in neutrophil 
activation, preceding a firm adhesion to the endothelium, it 
is logical to suggest hat this phase is associated with 
regulatory mechansims which locally reduce the extracel- 
lular adenosine concentration. Previous studies indicate 
that an increased activity and/or expression of adenosine 
deaminase (ADA), which catalyzes an irreversible hydro- 
lytic deamination of adenosine to inosine, enhance the 
neutrophil responsiveness to the chemotactic peptide 
formyl-methionyl-leucyl-phenylalanine (fMLP) [20,21 ]. 
In this study, we have used sulfatides as ligands for 
L-selectin in order to elucidate the role of L-selectin in the 
activation and regulation of the oxidative system in human 
neutrophils, stimulated or non-stimulated with fMLP. The 
involvement of intracellular f ee calcium changes, protein 
kinase C activation and tyrosine phosphorylation was char- 
acterized. We have also investigated the importance of 
exo- and endogenous adenosine as a modulator of L-selec- 
tin-mediated activation. 
2. Material and methods 
2.1. Materials 
The materials and their sources were as follows: dextran 
and Ficoll-Paque (Pharmacia, Uppsala, Sweden); sodium- 
metrizoate (Nycomed Pharma, Oslo, Norway); catalase 
(Boeringer Mannheim, Germany); adenosine, adenosine 
deaminase (ADA), chymotrypsin, galactocerebrosides 
(from bovine brain), formyl-methionyl-leucyl-phenyl- 
alanine ( fMLP),  l - [2-(5-carboxyoxazol-2-yl ) -6-  
aminobenzo-furan-5-oxy]-2-(2'-amino-5'-methylphenoxy)- 
ethane-N.N,N',N'-tetraaceticacid-penta-acetoxy meth-
ylester (fura-2-AM), horseradish peroxidase, ionomycin, 
5-amino-2,3-dihydro-l,4-phtalazinedione (luminol), 5'-N- 
ethyl-carboxamidoadenosine (NECA), phorbol-12-myri- 
state-13-acetate (PMA), sulfatides (from bovine brain) and 
superoxide dismutase (SOD) (Sigma Chemical Co., St 
Louis, MO, USA); anti-L-selectin (Serotec Ltd, Oxford, 
England); FITC-conjugated anti-L-selectin and phyco- 
erythrin-conjugated anti-CR3 (Dakopatts A/S,  Copen- 
hagen, Denmark); erythro-9-(2-hydroxy-3-nonyl)-adenine 
(EHNA) (Research Biochemicals Int., Natick, MA, USA). 
All reagents used were of an analytical grade. Before each 
experiment the sulfatides and the cerebrosides were dis- 
solved in PBS at 5 mg/ml and sonicated for 3 rain in an 
ultrasonicator (model G112SPIT, Laboratory Supplies Co., 
Hicksville, NY, USA). 
2.2. Cell preparation 
Neutrophil eukocytes were isolated from heparinized 
human peripheral blood, essentially by the method of 
BtJyum [22]. In short, erythrocytes were removed by dex- 
tran-sodium etrizoate sedimentation a d brief hypotonic 
lysis in distilled water. The preparation was then cen- 
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trifuged on a Ficoll-paque gradient to exclude lympho- 
cytes, monocytes and platelets. The neutrophils were 
washed (twice) and resuspended in Krebs-Ringer phos- 
phate buffer, supplemented with glucose (10 mM), MgSO 4 
(1.5 mM), and CaCI 2 (1.1 mM) (KRG; pH 7.3). 
2.3. Chymotr3'psin treatment 
were then washed twice and gently resuspended in KRG. 
Fluorescence mission from a cell suspension was mea- 
sured at 510 nm with simultaneous excitation at 340 nm 
and 380 nm using a Hitachi F-2000 spectrofluorometer. 
[Ca-~+]~ was calculated according to the general equation 
described by Grynkiewicz et al. [24]. 
Neutrophils (1 X 107/ml), suspended in KRG and 
preincubated for 5 min at 37°C, were treated with chy- 
motrypsin (100 U/ml)  for 15 min, diluted 10-fold and 
washed twice in KRG. 
2.4. Flow cvtometric analxsis 
The expression of L-selectin and CR3 were analyzed by 
adding 5 I.zl FITC-conjugated monoclonal anti-L-selectin 
antibody or 5 Ixl phycoerythrin-conjugated monoclonal 
anti-CR3 antibody, respectively, to a 100 txl neutrophil 
suspension (1 X 107/ml). The mixture of cells and mono- 
clonal antibodies was incubated on ice for 30 min, where- 
upon the cells were thoroughly washed. FITC- and phyco- 
erythrin-labelled isotype-specific irrelevant MoAbs, re- 
spectively, were incubated in parallel as negative controls. 
The samples were analyzed using a EPICS Profile flow 
cytometer (Coulter Electronics, Hialeah, FLA, USA) with 
an air cooled 15 mV argon-ion laser. 
2.5. Chemiluminescence 
Neutrophils (2 X 106/ml), suspended in KRG in poly- 
carbonate tubes, were preincubated for 5 min at 37°C, 
supplemented with luminol (final concentration 50 IxM), 
stimulated with sulfatides (2-400 Ixg/ml), fMLP (10 7 
M), ionomycin (10 7 M) and/or PMA (10 -7 M), and 
monitored for chemiluminescence (CL) at 37°C in a 6- 
channel Biolumat LB 9505 (Berthold Co., Wildbaden, 
Germany). Since peroxidase is often a limiting factor in 
luminoi-dependent CL, horseradish peroxidase (HRP; 4 U) 
was usually added to the tubes [23]. Measurements in the 
HRP-system reflected the total CL-activity. The intra- 
cellular part of the CL-response was defined as the activity 
obtained in the presence of SOD (200 U) and catalase 
(2000 U), large molecular 07- and H20 2- scavengers, 
respectively. The solvent vehicles for the substances used 
in the study were tested, and had, without exception, no 
effect on CL. 
2.6. Intracellular free calcium 
Neutrophils (1 X 107/ml) were loaded with 1-[2-(5- 
Carboxyoxazol-2-yl)-6-aminobenzo-furan-5-oxy]-2-(2'-a- 
mino-5' -methylphenoxy)-ethane-N,N,N' ,N' - tetraacetate 
(fura-2) by incubation with 2 I.zM l-[2-(5-Carboxyoxazol- 
2-yi)-6-aminobenzo-furan-5-oxy]-2-(2'-amino-5'-methyl- 
phenoxy)-ethane-N,N,N',N'-tetraacetic acid-penta-acetoxy 
methylester (fura-2-AM) for 30 min at 37°C. The cells 
3. Results and discussion 
3.1. Sulfatides induce production of  o.u'gen radicals 
As presented in Fig. 1, sulfatides induced a dose-depen- 
dent and transient generation of oxygen radicals in human 
neutrophils, measured as luminol-enhanced chemilumines- 
cence (CL). Effects on the oxidase were detectable at a 
concentration of 10 p~g sulfatides/ml and reached a maxi- 
mum around 400 I~g/ml. The CL responses were uni- 
modal, peaking after 6-8 min and lasting for about 30 min 
(Fig. 1). The sulfatide-induced CL response was dependent 
on sulfation of the galactose ring, since non-sulfated galac- 
tocerebrosides were ineffective (data not shown). The 
physical form in which sulfatides are presented to L-selec- 
tin is probably very important. Sulfatides are poorly solu- 
ble in aqueous buffer and form micelles in solutions 
exceeding the critical micellar concentration (CMC). Pre- 
vious studies have found the CMC of sulfatides to be 
around 65 IxM, corresponding to 60 Ixg sulfatides/ml 
[25,26]. Consequently, impressive ffects of sulfatides on 
neutrophil oxidase activity were obtained at concentrations 
around or above CMC. This could reflect the preference of 
L-selectin for planar arrays of sulfatides, as found in large 
micelles and in cellular membranes (e.g., in endothelial 
cells). 
0.6 
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Fig. I. Time traces of chemiluminescence i duced by sulfatides inhuman 
neutrophils. Neutrophils (2X 106/ml) were preincubated for5 min at 
37°C and then monitored for luminol-amplified chemiluminescence trig-
gered by different concentrations of sulfatides (2-400 ~g/ml). The 
figure shows representative recordings of at least six different experi- 
ments. 
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Fig. 2. The effect of sulfatides on chemotactic peptide-induced generation 
of oxygen radicals. Neutrophils (2× 106/ml) were preincubated for 5 
min at 37°C and then monitored for luminol-amplified chemilumines- 
cence triggered by sulfatides (sulf; 200 l~g/ml), fMLP (10 -7 M) or 
sulfatides and fMLP (200 txg sulfatides/ml added 2 min prior to 10 -7 M 
fMLP). (A) Representative time traces of chemiluminescence of at least 
six different experiments. (B) Neutrophils incubated in the absence (Total 
activity, filled bars) or presence of the scavengers SOD (200 U) and 
catalase (2000 U) (Intracellular activity, hatched bars). The data are based 
on integral values of chemiluminescence over 30 min and represent the 
mean + S.E.M. of five separate xperiments. 
Stimulation with the chemotactic peptide formylmethio-  
nyl- leucyl-phenylalanine (fMLP; 10 -7 M) led to a rapid 
biphasic CL response (Fig. 2A), where the first phase 
mainly reflects extracellular elease of oxygen radicals, 
and the second phase is due to intracellular production of  
oxygen radicals [23,27]. Sulfatides potentiated the CL  re- 
sponse induced by fMLP, primarily by amplifying the 
second phase, thus indicating an effect on the intracellular 
production of  oxygen metabolites (Fig. 2A). A significant 
potentiation of  the fMLP- induced CL was obtained at a 
concentration of  2 I~g/ml  (135% of control), a dose of  
sulfatides which alone did not induce any detectable CL 
response. The potentiating effects of  sulfatides were pro- 
gressively reduced when the incubation time was pro- 
longed prior to exposure to fMLP (data not shown). 
To measure the intracellular activity of  the CL re- 
sponse, we have utilized SOD and catalase. These proteins 
are large, membrane-impermeable scavengers of O~ and 
H202. As previously reported [23], fMLP-stimulation of 
neutrophils in the presence of SOD (200 U) and catalase 
(2000 U) resulted in a markedly diminished and delayed 
response, without the initial peak, showing that fMLP 
mainly induce an extracellular production of oxygen 
metabolites (Fig. 2B). In contrast, SOD and catalase re- 
duced the CL response induced by sulfatides with only 
25%, revealing that these glycolipids mostly affect the 
intracellular activity of the oxidase (Fig. 2B). In correla- 
tion, the potentiating effects of sulfatides on the fMLP-in- 
duced response were mainly due to an increased intra- 
cellular generation of oxygen radicals (Fig. 2B). Compari- 
son with the fMLP-control showed that the intracellular 
activity was approximately 10 times higher in the presence 
of sulfatides (200 t~g/ml). An intracellular activity of the 
oxidase, induced by L-selectin activation, is not harmful to 
the surrounding tissue and may also function as an intra- 
cellular messenger system [28]. 
3.2. Removal or blocking of L-selectin reduces the effects 
of sulfatides 
To clarify if the effects of sulfatides were attributable to
activation of L-selectin, the neutrophils were pretreated 
with chymotrypsin, which removes L-selectin from the cell 
surface [13]. Flowcytometric analysis using fluorescent 
monoclonal antibodies indeed showed a significant down- 
regulation of L-selectin in these cells (Fig. 3). Further- 
more, in chymotrypsin-treated n utrophils the effects of 
sulfatides on oxidase activity were significantly diminished 
and their potentiation of the fMLP-induced generation of 
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Fig. 3. The expression of L-selectin and CR3 of chymotrypsin-treated or 
non-treated neutrophils. Neutrophils were treated with chymotrypsin (100 
U/ml for 15 min at 37°C and then thoroughly washed) or non-treated 
(control), followed by incubation with fluorescent monoclonal anti-L- 
selectin or anti-CR3 antibodies. The samples were analyzed using a 
EPICS Profile flow cytometer. 
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Fig. 4. Removal or blocking of L-selectin reduces the effects of sul- 
fatides. (A) Neutrophils were treated with chymotrypsin (100 U /ml  for 
15 min at 37°C and then thorougldy washed; hatched bars) or non-treated 
(control; filled bars), preincubated for 5 min at 37°C and then monitored 
for luminol-amplified chemiluminescence triggered by sulfatides (sulf; 
200 p.g/ml), fMLP (10 -7 M), or sulfatides and fMLP (200 Ixg sul- 
fatides/ml added 2 min prior 10 -7 M fMLP). (B) Neutrophils were 
incubated with (hatched bars) or without (control; filled bars) monoclonal 
anti-L-selectin antibodies (anti-L, 0.5 or 5 p~g/ml) for 5 min at 37°C, and 
then monitored for luminol-amplified chemiluminescence triggered by 
sulfatides (sulf; 200 p,g/ml), fMLP (10 -7 M), or sulfatides and fMLP 
(200 p,g sulfatides/ml added 2 rain prior 10 -7 M fMLP). The data in A) 
and B) are based on integral values of chemiluminescence ov r 30 min 
and represent the mean ± S.E.M. of four separate xperiments. 
oxygen metabolites was abolished (P  < 0.05, paired Stu- 
dent's t-test; Fig. 4A). The', expression of the integrin CR3 
was increased in chymotrypsin-treated c lls, probably due 
to degranulation of secretory and/or specific granules 
during the incubation with the enzyme at 37°C (Fig. 3). 
This indicates that chymotrypsin selectively hydrolyzes 
L-selectin and does not cause a non-specific leavage of 
membrane surface receptors. Additional support was ob- 
tained by the finding that the CL response induced by 
activation of the fMLP-receptor increased after using chy- 
motrypsin (Fig. 4A). 
Preincubation with monoclonal antibodies against L- 
selectin dose-dependently inhibited the effects of sulfatides 
(P < 0.05, paired Student's t-test), whereas it had no sig- 
nificant effect on fMLP-stimulation (Fig. 4B). This further 
confirms that the effects of sulfatides are mediated through 
activation of L-selectin. 
Taken together, the data presented suggest that the 
earliest step in neutrophil activation engaging L-selectin 
includes intraceilular signals triggering and/or potentiat- 
ing the oxidative burst. Waddell et al. [7] have demon- 
strated that cross-linking of L-selectin does not trigger 
production of H202 by itself, but enhances the subsequent 
response to fMLP. However, Crockett-Torabi et al. [6] 
found that crosslinking of L-selectin induces a significant 
generation of 0 2 in neutrophils treated with cytochalasin 
B, an inhibitor of the actin cytoskeleton known to promote 
secretion and potentiate the oxidative burst. Our finding 
that L-selectin activation through sulfatides mainly trigger 
an intracellular production of oxygen radicals, might thus 
explain the need for cytochalasin B to detect an extracellu- 
lar release of O~- and H202. 
3.3. Sulfatides potentiate the ionomycin-induced, but in- 
hibit the PMA-induced CL response 
To determine if the potentiating effects of sulfatides 
were applicable to other stimuli than fMLP, the cells were 
exposed to either the calcium ionophore ionomycin or the 
protein kinase C-activator phorbol-12-myristate-13-acetate 
(PMA). As reported previously [29], both ionomycin and 
PMA induced an extensive generation of oxygen radicals. 
The major part of the ionomycin-induced CL response was 
located intracellularly, whereas the PMA-triggered re- 
sponse was approximately equally divided between an 
intra- and extracellular localization (Fig. 5). We found that 
sulfatides potentiate the ionomycin-induced, but inhibit the 
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Fig. 5. The effects of sulfatides on PMA- and ionomycin-induced produc- 
tion of oxygen metabolites. Neutrophils (2 × 106/ml) were preincubated 
for 5 min at 37°C and then monitored for luminol-amplified chemilumi- 
nescence triggered by ionomycin (iono; 10 -7 M) or phorbol-12-myri- 
state-13-acetate (PMA; 10 -7 M) in the absence or presence of sulfatides 
(sulf; 200 p.g/ml, added 2 min prior to ionomycin or PMA). The 
measurements were made in the absence (Total activity, filled bars) or 
presence of the scavengers SOD (200 U) and catalase (2000 U) (Intracell- 
ular activity, hatched bars). The data are based on integral values of 
chemiluminescence ov r 30 min and represent the mean + S.E.M. of four 
separate xperiments. 
124 T. Bengtsson et al. / Biochimica et Biophysica Acta 1313 (1996) I 19-129 
PMA-induced generation oxygen radicals (Fig. 5). The 
enhancing effect of sulfatides on the CL response induced 
by ionomycin was mainly due to an increased intracellular 
production of oxygen metabolites (Fig. 5). In contrast, the 
inhibiting effect of sulfatides on the PMA-triggered CL, 
was predominately caused by a depressed extracellular 
release (Fig. 5). These observations suggest that L-selectin 
activation through sulfatides utilizes a Ca2+-dependent 
pathway in enhancing the intracellular activity of the 
NADPH-oxidase. 
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3.4. Sulfatides increase intracellular free calcium in neu- 
trophiL~ 
The mechanisms by which L-selectin transmits ignals 
into the cell are poorly characterized. Changes in the 
intracellular f ee calcium concentration, [Ca 2+ ]i, are con- 
sidered to be involved in the regulation of neutrophil 
oxidase activity [30]. Consequently, we investigated if the 
oxygen radical production triggered by sulfatides is accom- 
panied by [Ca2+]i-increases. As demonstrated in Fig. 6, 
sulfatides induced a transient [Ca2+]i-elevation i neu- 
trophils. The effect was detectable at 50 Ixg/ml and 
increased up to 400 ixg/ml. Similar results have recently 
been reported by Laudanna et al. [13]. The reason that 
lower concentrations of sulfatides (< 50 ixg/ml) had no 
effect on [Ca 2+ ]~, but still triggered CL responses, might 
be a shedding of L-selectin during the fura 2-loading at 
37°C and the subsequent washing procedures. In correla- 
tion, incubation and washing of neutrophils in the same 
way as in fura 2-loading, reduced the responsiveness to 
sulfatides in the CL assay (data not shown). There was a 
small delay (approx. 10 s) in the initiation of the response, 
which reached maximum after approximately 25 s and 
returned to basal levels within 120 s (Fig. 6). Similar 
pattern in Ca2+-response on activation of L-selectin has 
previously been reported, using sulfatides [13] or cross-lin- 
king monoclonal antibodies [6,7]. In comparison, 
fMLP( 10- 7 M) induced a rapid [Ca 2, ]i_increase, reaching 
a peak within the first 10 s, and approaching basal levels 
approximately 200 s after addition of the peptide (Fig. 6). 
Blocking of L-selectin with monoclonal antibodies effec- 
tively inhibited the [Ca 2+]~-elevating effects of sulfatides 
(data not shown). In addition, Laudanna et al. [13] have 
demonstrated that chymotrypsin-treated neutrophils (de- 
void of L-selectin) do not respond to sulfatides with a [Ca 
2+ ]i_increase, and that the effects of sulfatides are depen- 
dent on sulfation of galactose and mainly involve mobi- 
lization of calcium from intracellular stores. Opposite to 
chemiluminescence, suifatides (200 I, zg/ml) reduced the 
fMLP-induced Ca 2 +-response, both the peak value and the 
duration (Fig. 6). Consequently, L-selectin-mediated n- 
hancement of the fMLP-induced oxidative burst is proba- 
bly not due to a magnified increase in intracellular free 
calcium. 
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Fig. 6. The effects of sulfatides on the [Ca -'+ ]i level in neutrophils. 
Fura-2-1oaded neutrophils (2 x 106/ml) were preincubated for 5 rain at 
37°C and then stimulated with: (A) various amounts of sulfatides (sulf: 
50, 200 or 400 l, zg/ml)  (B) tMLP (10 -7 M) or sulfatides (sulf: 200 
Izg/ml) followed by tMLP (10 -7 M). The figure shows representative 
recordings of four different experiments. 
3.5. The effects of sulfatides are associated with tvrosine 
phosphor3'lation 
Tyrosine phosphorylation is considered to play an es- 
sential role in the regulation of neutrophil functions, in- 
cluding the oxidative burst [31,32]. In this study, we have 
used genistein, a specific tyrosine kinase inhibitor, to 
evalulate the role of tyrosine phoshorylation i  the effects 
of sulfatides on oxidase activity. Genistein inhibited the 
CL responses induced by fMLP or sulfatides (Fig. 7). 
Furthermore, the potentiating effects of sulfatides on the 
fMLP-induced generation of oxygen radicals were abol- 
ished in genistein-treated cells (Fig. 7). The CL repsonses 
triggered by ionomycin and PMA were also inhibited by 
genistein (68% and 21% inhibition, respectively). Whereas 
the potentiating effects of sulfatides on the ionomycin-in- 
duced CL response were antagonized by genistein, the 
situation was reversed in PMA-stimulated neutrophils, i.e. 
the inhibiting effects of sulfatides were reduced by genis- 
tein (data not shown). 
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These findings suggest hat activation of L-selectin by 
sulfatides induces tyrosine phosphorylation, which is in- 
volved in a Ca2+-dependent regulation of the neutrophil 
oxidase. Waddell et al. [14] have recently shown that 
sulfatides increase tyrosine phosphorylation f several cel- 
lular proteins. They also demonstrate hat tyrosine kinase 
inhibition with genistein blocks the transient [Ca 2+]~-rise 
induced by sulfatides. It is possible that a tyrosine kinase is 
associated with the cytoplasmic domain of L-selectin. 
3.6. The effects of adenosine on the respirator 3, burst 
triggered by sulfatides 
It seems non-physiological that the initial activation of 
circulating neutrophils through L-selectin is associated with 
a profound production of oxygen radicals. Adenosine, 
released from the vascular endothelium, has been estab- 
lished as an important anti-inflammatory agent, inhibiting 
cytotoxic functions of the neutrophil [33]. In human whole 
blood adenosine is present at a concentration f about 300 
nM [33]. In this study, we found that adenosine affected 
oxygen radical production triggered by sulfatides and/or 
fMLP (Fig. 8). High concentrations of adenosine (1-10 
txM) significantly reduced the CL response induced by 
sulfatides, whereas lower concentrations (1 nM) slightly 
increased the response (Fig. 8). The IC50 was approxi- 
mately 1 I~M. The non-hydrolyzable adenosine-analogue 
NECA was apparently more effective than adenosine in 
suppressing oxygen radical production triggered by sul- 
fatides, both in non-stimulated and fMLP-stimulated neu- 
trophils (Fig. 8). These effects were also dose-dependent 
reaching maximal inhibition at a NECA concentration f 1 
~M and with an ICso cf about 10 nM (Fig. 8). An 
inhibitory action of adenosine correlates with reports 
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Fig. 7. The effects of sulfatides are associated with tyrosine phosphoryla- 
tion. Neutrophils (2× 106/ml) were incubated with genistein (5 t.zM: 
hatched bars) or buffer (control: filled bars) for 5 min at 37°C, and then 
monitored for luminol-amplified chemiluminescence triggered by sul- 
fatides (sulf" 200 p,g/ml), fMLP (10 -7 M). or sulfatides and fMLP (200 
p,g sulfatides/ml added 2 rain prior 10 -7 M fMLP). The data are based 
on integral values of chemiluminescence over 30 rain and represent the 
mean +_ S.E.M. of four separate xperiments. 
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Fig. 8. Adenosine suppresses the effects of sulfatides. Neutrophils (2 × 
106/ml) were incubated in the absence (control) or presence of different 
concentrations of adenosine (A) or the adenosine-analogue NECA (B) for 
5 min at 37°C and then monitored for luminol-amplified chemilumines- 
cence triggered by sulfatides (sulf; 200 ixg/ml), tMLP (10-TM)+ or 
sulfatides and fMLP (sulf+fMLP: 200 txg sulfatides/ml added 2 rain 
prior 10 7 M fMLP). The data are based on integral values of chemilu- 
minescence over 30 rain and represent the mean_+ S.E.M. of three to six 
separate xperiments. 
showing that adenosine suppresses neutrophil rolling on 
endothelial cells [34], and selectin-mediated adhesion [35]. 
The fMLP-induced generation of oxygen metabolites 
was much more sensitive to a preexposure of adenosine, 
than oxidase activation through sulfatides or a combination 
of sulfatides and fMLP (Fig. 8). The IC~ 0 was approxi- 
mately 10 nM, i.e, 100 times lower than the IC50 of 
adenosine inhibition of oxygen radical production trig- 
gered by sulfatides, with or without subsequent fMLP- 
stimulation. As previously shown [36], NECA also effec- 
tively inhibited the fMLP-induced generation of oxygen 
metabolites (IC50 between 1 and 10 nM; Fig. 8). Our 
findings suggest that L-selectin-mediated r gulation of the 
neutrophil oxidase is accompanied by mechanisms neutral- 
izing the inhibitory effects of adenosine+ e.g. by increasing 
the metabolization f extracellular denosine. 
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3.7. Adenosine mainly inhibits the intracellular production 
of oxygen radicals 
The inhibitory effects of NECA were primarily directed 
against he intracellular activity of the neutrophil oxidase. 
In fact, NECA solely affected the intracellular part of the 
CL response triggered by sulfatides (Fig. 9). In fMLP- 
stimulated cells, the extracellular production of oxygen 
radicals was reduced to half by NECA, whereas the intra- 
cellular production was five-fold lower compared to the 
control (Fig. 9). The inhibition by NECA of the potentiat- 
ing effects of sulfatides on the fMLP-induced CL response 
was also mainly due to an attenuated intracellular activity 
of the oxidase (Fig. 9). This action of NECA coincides 
with the observation that stimulation of adenosine recep- 
tors enhances the activity of antioxidant enzymes leading 
to an increased scavering of intracellular reactive oxygen 
species [37]. 
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3.8. Adenosine abolishes the [Ca 2+ • ]i-increase triggered 
by sulfatides 
It has previously been shown that adenosine (or NECA) 
has no significant effect on the initial peak of the fMLP-in- 
duced rise in intracellular free calcium, but inhibits the 
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Fig. 10. Adenosine abolishes the [Ca 2+ ]i rise triggered by sulfatides. 
Fura-2-1oaded neutrophils (2 × 106/ml) were incubated in the absence or 
presence (dotted lines) of NECA (1 txM) for 5 min at 37°C and then 
stimulated with fMLP (10-7M) or sulfatides (sulf; 200 i~g/ml) followed 
by fMLP (10-7M). The figure shows representative r cordings of four 
different experiments. 
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Fig. 9. Adenosine mainly affects the intracellular part of the respiratory 
burst. Neutrophils (2 × 106/ml) were incubated in the absence or pres- 
ence of the adenosine-analogue NECA (I IxM) for 5 min at 37°C and 
then monitored for luminol-amplified chemiluminescence triggered by 
sulfatides (sulf; 200 Izg/ml), fMLP (10 -7 M) or sulfatides and fMLP 
(sulf+fMLP; 200 Ixg sulfatides/ml added 2 min prior 10 -7 M fMLP). 
Neutrophils were incubated in the presence of HRP (4 U; total activity, 
filled and hatched areas) or the scavengers SOD (200 U) and catalase 
(2000 U) (intracellular ctivity, hatched area). The data are based on 
integral values of chemiluminescence over30 min and represent the mean 
of at least five separate experiments. 
second phase involving influx of extracellular calcium 
[38,39]. Similar results were obtained in this study (Fig. 
10). Furthermore, NECA (1 ~M) abolished the [Ca 2+] i- 
increase triggered by sulfatides, whereas the subsequent 
fMLP-induced [Ca 2+ ]i_ris e was only slightly reduced (Fig. 
10). This difference in sensitivity to exogenous adenosine 
might suggest hat neutrophil activation through sulfatides 
and fMLP, respectively, mobilizes intracellular free cal- 
cium by various pathways. Wadell et al. [14] have recently 
proposed that L-selectin increases [Ca 2+ ]i through a tyro- 
sine kinase-mediated activation of phospholipase C~, 
whereas Ca 2÷ mobilization after fMLP-stimulation has 
previously been characterized to involve a G-protein cou- 
pled activation of phospholipase C~ (for review see [40]). 
This idea is supported by the finding that pertussis toxin, 
which totally blocks the [Ca 2+]i-rise induced by fMLP, 
had no effect on the responses triggered by sulfatides or 
anti-L-selectin antibodies [13]. 
The finding that NECA was unable to completely abro- 
gate the oxygen radical production stimulated by sul- 
fatides, whereas the Ca 2+ response was abolished, sug- 
gests that activation of the neutrophil oxidase through 
L-selectin utilizes both calcium-dependent a d calcium-in- 
dependent pathways. Furthermore, the rapid and transient 
[Ca 2+ ]i -increase induced by sulfatides (Fig. 6), and the 
inhibitory effects of NECA (this study) and genistein [14], 
respectively, argues against a non-specific Ca2+-effect by 
sulfatides related to membrane altering properties, which 
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could increase the transpoFI of extracellular calcium to the 
intracellular compartment. 
3.9. Sulfatides enhance the hydrolysis of extracellular 
adenosine 
Stimulation of neutrophils, e.g. by fMLP, is associated 
with a release of endogenous adenosine [41,42]. This 
release could function as an autoregulatory loop, where 
adenosine binds to A~-receptors on the neutrophil surface 
and thereby inhibits further cell activation, probably by 
increasing the intracellular level of cyclic AMP [43,44]. 
We and others have shown that removal of extracellular 
adenosine with adenosine deaminase (ADA), or blocking 
of adenosine receptors with theophylline, potentiate the 
fMLP-induced respiratory burst in neutrophils [20,21]. 
Since exogenous adenosine was rather ineffective in in- 
hibiting the respiratory burst induced by sulfatides, it is 
tempting to speculate that sulfatides enhance the activity 
and/or expression of endogenous ADA, hydrolyzing ex- 
traceilular adenosine, thereby enabling a prolonged activa- 
tion of the neutrophil. To l:est his hypothesis we used the 
specific ADA-inhibitor erythro-9-(2-hydroxy-3-nonyl)- 
adenine (EHNA). We found that EHNA effectively re- 
duced the CL response triggered by sulfatides and almost 
totally abrogated the potentiating effects of sulfatides on 
the fMLP-induced CL response (Fig. 11). In contrast, 
EHNA only slightly reduced the fMLP-induced generation 
of oxygen radicals (Fig. 11). These findings suggest hat 
neutrophil activation, with sulfatides or fMLP, is associ- 
ated with release of endogenous adenosine terminating 
cellular responses, however, ligation of L-selectin through 
sulfatides also increases the expression of ADA, thus 
antagonizing an adenosine-mediated inhibition. In support, 
addition of extra ADA had no significant effect on the CL 
responses triggered by sulfatides (with or without fMLP), 
whereas the fMLP-induced CL response was markedly 
enhanced (Fig. 11). This enhancement was completely 
abolished by EHNA (10 I~M), demonstrating the speci- 
ficity of EHNA as an inhibitor of ADA (data not shown). 
Moreover, addition of 10 ~LM EHNA dramatically potenti- 
ated the inhibitory effects of exogenous adenosine on 
oxygen radical production induced by sulfatides, with or 
without subsequent fMLP-stimulation (data not shown). It 
is noteworthy, that neither inosine or hypoxanthine, i.e. the 
metabolites obtained after ADA-mediated hydrolysis of 
adenosine, affect fMLP-induced production of oxygen rad- 
icals in neutrophils [20,21] and are consequently inrespon- 
sible for the enhanced fMLP-triggered CL response in the 
presence of sulfatides. 
The potentiating effects of sulfatides on the fMLP-in- 
duced respiratory burst might involve an ADA-mediated 
hydrolysis of adenosine giving concentrations which are 
optimal for activation of the adenosine A l receptor. Acti- 
vation of this receptor has previously been shown to 
enhance neutrophil function, including adhesion, O2-gen- 
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Fig. 11. The role of adenosine deaminase in oxygen radical production. 
Neutrophils (2X 106/ml) were incubated in the absence (control) or 
presence of erythro-9-(2-hydroxy-3-nonyl)-adenine (EHNA; 10 IxM) or 
adenosine deaminase (ADA; 0.25 U/ml )  for 5 min at 37°C and then 
monitored for luminol-amplified chemiluminescence triggered by sul- 
fatides (sulf, S; 200 Ixg/ml), fMLP (F; 10 -7 M) or sulfatides and fMLP 
(sulf+ fMLP, S + F; 200 I-~g sulfatides/ml added 2 min prior to 10 -7 M 
fMLP). The data are presented as time traces (A and B) or based on 
integral values of chemiluminescence over 30 min and expressed as 
percent of the untreated control (C). (A) and (B) show representative 
recordings, and (C) the mean + S.E.M., of five separate xperiments. 
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eration, chemotaxis and phagocytosis [16,18,45], and re- 
cently Ciruela et al. [46] demonstrated that binding be- 
tween extracellular ADA and A~ is necessary for an 
efficient coupling between adenosine-A l-receptor complex 
and the intracellular signal transduction machinery. This 
issue is presently addressed at our laboratory. 
Consequently, adenosine might be an important modu- 
lator of L-selectin function in vivo by suppressing an 
inappropriate release of toxic oxygen metabolites in the 
vascular space. However, activation of L-selectin might 
also increase the activity of ADA, which locally reduces 
the extracellular level of adenosine and thereby promotes a
chemoattractant-stimulated migration of neutrophils into 
extravascular tissues and subsequent destruction of invad- 
ing pathogens. 
increased function of ADA is appropriate for overcoming 
the inhibitory effects of high levels of adenosine in the 
vascular milieu, facilitating the subsequent steps in the 
activation of the neutrophil granulocyte. 
In this study, we show that sulfatides, through engage- 
ment of L-selectin, generate oxygen radicals and potentiate 
chemotactic peptide-induced oxidase activation in human 
neutrophils. This activity is mainly located intracellularly, 
is accompanied with a decreased sensitivity to extracellular 
adenosine, involves tyrosine phosphorylation a d appears 
to utilize a Ca2+-dependent pathway. L-Selectin is not just 
a passive bystander molecule involved in the initial adhe- 
sion. It also transduces signals activating and/or regulat- 
ing the oxidative system in neutrophils, important for the 
initiation and modulation of the inflammatory process. 
3.10. Conclusions 
The importance of L-selectin in the rolling of neu- 
trophils along the endothelial surface is well documented 
(for review see [47]). However, recent findings indicate 
that engagement of L-selectin also generates intracellular 
signals affecting other neutrophils functions [6,7,13, ! 4]. In 
this study, we show that ligation of L-selectin with sul- 
fatides leads to a generation of oxygen radicals and also 
markedly potentiates a subsequent fMLP-induced oxida- 
tive burst. Sulfatides mainly induce an intracellular genera- 
tion of oxygen radicals, which is physiological in the sense 
that activated phagocytes are aimed to effectively kill 
microorganisms with a minimum of tissue destruction. 
Furthermore, recent observations suggest a role for en- 
dogenous reactive oxygen metabolites in neutrophil signal 
transduction, e.g. by inducing tyrosine phosphorylation f
cellular proteins [28]. 
Adenosine, which is released from the vascular en- 
dothelium, is a potent anti-inflammatory agent acting at 
specific adenosine A 2 receptors, leading to inhibition of 
several neutrophil functions, e.g. L-selectin-mediated 
rolling along endothelial cells and chemotactic peptide-in- 
duced generation of oxygen radicals [33,34]. In associa- 
tion, we found that adenosine inhibited the respiratory 
burst triggered by sulfatides, indicating a role for adeno- 
sine in preventing an inappropriate r lease of toxic oxygen 
metaholites during L-selectin activation. However, neu- 
trophils exposed to sulfatides were approximately 100 
times less sensitive to inhibition by exogenous adenosine 
compared to fMLP-stimulated cells. This difference in 
sensitivity to adenosine, depending on the degree of L- 
selectin activation, was totally antagonized by the ADA-in- 
hibitor EHNA. Our findings suggest that L-selectin activa- 
tion is accompanied by an increased expression and/or 
activity of ADA. In fact, EHNA almost totally abolished 
the potentiating effects of sulfatides on the fMLP-induced 
respiratory burst. This indicates that sulfatides augment the 
neutrophil oxidase activity primarily by counteracting an 
adenosine-induced autoregulartory inhibitory pathway. An 
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